Abstract. This is the first report to show morphological evidence of in vitro maturation of oocytes recovered from xenotransplanted antral follicles. To develop a suitable tool for studing the growth and maturation of follicles and oocytes, we xenotransplanted small pieces of ovarian cortical tissue from sows, which contained small preantral follicles (primordial, primary, and secondary follicles; less than 0.05, 0.1 and 0.3 mm in diameter, respectively), under the capsules of kidneys of adult female severe combined immunodeficient (SCID) mice for 2 and 8 weeks, and then recovered cumulusoocyte complexes from the growing tertiary follicles in xenografted tissues. The distribution of processes from cumulus cells to oocytes and the follicular growth, development, and maturation during xenotransplantation were histochemically analyzed. Tertiary follicles, 0.5 to 3.0 mm in diameter, were obtained from grafted tissues 2 (85%: 52 follicles/61 grafted tissues) and 8 (50%: 15/30) weeks after xenotransplantation, and then oocytes, which were tightly attached to cumulus cells, were collected from each tertiary follicle and cultured to assess their quality. At 2 weeks after grafting, 17.6% of the oocytes had matured to the metaphase II stage, but no such maturation was observed 8 weeks after grafting. Thus, in the 2 weeks group, preantral follicles rapidly grew in xenotransplanted porcine ovarian tissues to the tertiary stage, and oocytes could be recovered and matured from them by in vitro culture. Key words: Follicular growth and development, In vitro oocyte maturation (IVM), Porcine ovary, Severe combined immunodeficient (SCID) mouse, Xenotransplantation (J. Reprod. Dev. 51: [741][742][743][744][745][746][747][748] 2005) he ovarian follicle is the fundamental structural and functional unit of the mammalian ovary. It consists of one oocyte, surrounding cumulus cells, a granulosa cell layer, a thick basement membrane, and associated inner and outer theca layers. Healthy growth and development of ovarian follicles are essential for oocyte maturation, and this depends upon a complex sequence of cellular interactions within the follicles. More than 99% of follicles degenerate through "atresia" during fo ll i c u la r g r o w t h a n d d e v e l o p m e n t [1] [2] [3] [4] . Interaction between follicular cells, especially between oocytes and cumulus cells, is essential for regulation of oocyte growth, development, and maturation. The mammalian oocyte and its surrounding cumulus cells are morphologically
and metabolically coupled through gap junctions, which provide a unique means of entry into the o o p l a s m f o r s e v e r a l m e t a b o l i t e s [ 5 , 6 ] . Gonadotropins, steroid hormones, and other bioactive factors from follicular cells interact with oocytes to provide essential support for in vivo maturation of oocytes [7] . Cumulus cells support the maturation of oocytes from the germinal vesicle (GV) stage to the M II stage and greatly enhance cytoplasmic maturation, which is responsible for the capacity to undergo normal fertilization and subsequent embryonic development. Cumulusdenuded oocytes (DOs) can undergo meiotic maturation through in vitro culture in mice [8] , rats [9] , sheep [10] , and cows [11] .
The distribution of actin filaments is a useful parameter for evaluation of the maturation stage of mammalian oocytes [12] . In oocytes, actin is a major protein that is polymerized and that forms microfilaments. Both meiosis and mitosis require t h e s p a t i a l a n d t e m p o r a l c o o r d i n a t i o n o f cytokinesis with nuclear division, and the cytoskeletal system is important for the processing of cytokinesis. Most developmental events, such as polar body release, nuclear migration, and embryo cleavage, depend on a normal distribution of polymerized filamentous (F) actin [13, 14] , which plays an important role in the distribution and function of some organelles, such as mitochondria [15] , and Golgi complexes [16] , ion channel regulation [17] , and the expression of some mRNAs [18] . Many of these processes require the dynamic behavior of the cytoskeletal actin fibers, that is, the polymerization and depolymerization of actin molecules. Usually, the cells retain a large amount of depolymerized nonfilamentous (G) actin to maintain the ability to quickly reorganize F-actin when subjected to changes of the cellular environment [19] . Thus, actin is a good indicator of the maturation stage of oocytes and for the interaction between oocytes and cumulus cells.
In the present study, we prepared small pieces of cortical tissue from porcine ovaries. The tissue pieces contained many preantral follicles, which were less than 0.3 mm in diameter. Then, as previously reported [20] , they were xenotransplanted under the kidney capsules of adult female severe combined immunodeficient (SCID) mice, which lack T or B lymphocytes but not natural killer cells are considered to be an in vivo model of the human immune system, and are used as recipients for xenotransplantation, to establish an experimental model that provides fundamental information on follicular growth and development in grafted tissues and that aids in understanding the mechanisms of individual follicular growth and/or atresia. Based on our previous findings [20] , oocytes that were more than 0.5 mm in diameter collected 2 and 8 weeks after xenotransplantation from growing tertiary follicles, in the xenotransplanted tissues of porcine ovaries were cultured for in vitro maturation (IVM) to assess the quality of each oocyte.
Materials and Methods

Animals for xenotransplantation
Adult female SCID mice (11 weeks of age; Clea Japan, Tokyo, Japan) were housed under controlled temperature (24 ± 2 C), lighting (12 h light: 12 h darkness), and humidity (80 ± 5%). During the experiment, each animal cage was covered with a high-efficiency particulate air filter (Clea Japan), and animals had free access to sterilized food and bottled water. They received humane care as outlined in the "Guide for the Care and Use of Laboratory Animals (Animal Care Committee of The University of Tokyo)".
Porcine tissue preparation and xenotransplantation
Ovaries were obtained from young adult sows at a local slaughterhouse and transported to the laboratory at approximately 37 C within 40 min. Sliced ovarian cortex tissues were prepared and placed into sterile phosphate buffered saline (PBS; pH 7.4). Under a surgical dissecting microscope (SZ40; Olympus, Tokyo, Japan), the ovarian tissue slices were cut into small cubes (0.3 × 0.3 × 0.3 mm) that containined primordial, primary, and secondary follicles, but no tertiary follicles. Then, xenotransplantation was performed under sterile conditions (which in the operating cavity of a bioclean bench; Sanyo Biotech, Osaka, Japan). Briefly, f e m a l e S C I D m i c e w e r e a n a e s t h e t i z e d b y intraperitoneal injection of sodium pentobarbital (Dainippon Pharmaceutical Co., Ltd., Kyoto, Japan), and both kidneys were exteriorized. Some small cubes of ovarian tissue were inserted under the capsule space of each kidney using a handmade glass pipette. Xenotransplanted mice were kept for 2 or 8 weeks (25 mice in each group).
Gross morphological assessment of grafted follicles
The stages of follicular development were defined as follows [20, 21] . (1) follicle has an antrum and is more than 0.5 mm in diameter. Follicles classified as healthy contained a normal-shaped oocyte surrounded by cumulus cells and granulosa cells, which were regularly apposed on an intact basement membrane, with normal-appearing granulosa cell nuclei and without apoptotic bodies [3] . Follicles not fulfilling these criteria were classified as atretic.
In vitro maturation (IVM) culture for oocytes
To examine the meiotic competence of oocytes in growing tertiary follicles (more than 0.5 mm in diameter) in xenotransplanted tissues, individual cumulus-oocyte-complexes (COCs) were recovered from the follicles under a surgical microscope at 2 and 8 weeks after xenotransplantation. Each COC was cultured in a small drop (50 µl) of maturation medium [custom Medium 199 (IS Japan, Tokyo, Japan) containing 10% (v/v) female porcine serum, 10 IU/ml equine chorionic gonadotropin (eCG), and 10 IU/ml human chorionic gonadotropin (hCG); Gibco BRL, Grand Island, NY, USA] covered with purified mineral oil (IS Japan) at 39 C in 5% CO2 and humidified air for 24 h. Then, the COCs were incubated in maturation medium without eCG or hCG for 48 h. As normal controls, COCs were used from porcine follicles that were freshly prepared from ovaries obtained from the localslaughter house before the examination.
Histochemical examinations
After the IVM culture, COCs were fixed in a microtubule stabilization buffer [22] at 37 C for 1 h, washed extensively, and blocked overnight at 4 C in washing medium [calcium-free Dulbecco's phosphate-buffered saline (DPBS) containing 2% (w/v) bovine serum albumin (BSA), 2% (v/v) normal goat serum, 0.2% (w/v) skim milk, 0.2% (w/v) sodium azide, and 0.1% (v/v) Triton-X; Sigma-Aldrich Chemicals, St. Louis, MO, USA]. The fixed samples were washed well at 37 C for 2 h, and stained with rhodamine phalloidin (1:1,000 diluted with washing medium; Molecular Probes, Eugene, OR, USA) to visualize the cellular microfilaments for 30 min. After washing, they were stained with Hoechst 33342 (10 µg/ml; Sigma) diluted in mounting solution (equal volume of PBS and glycerol) and mounted in the mounting solution to visualize the cellular DNA. The distribution of microfilaments and the nuclear morphology of each COC was examined under a fluorescence microscope (BX51; Olympus).
Statistical analysis
ANOVA with Fisher's least significant difference test was performed using the StatView IV program (Abacus Concepts, Berkely, CA, USA) on a Macintosh computer. Each value represents the mean ± SE. Differences of P<0.05 were considered significant.
Results
Follicular growth in porcine ovarian tissues xenografted in SCID mouse kidneys
Two and 8 weeks after the xenotransplantation, porcine ovarian tissues were recovered from the kidneys of SCID mice, and the diameter of each follicle was measured with a micrometer under a dissecting microscope. Preantral follicles less than 0.3 mm (mainly less than 0.05 mm) in diameter before xenotransplantation grew to more than 2.0 and 3.0 mm after 2 and 8 weeks, respectively (Table  1 ). In the 8 weeks group, many tertiary follicles with large antral cavities were observed on the surface of the grafted tissues. As noted in our previous report [20] , large tertiary follicles and a progressed and expanded neovascularization were seen on the surface of antral follicles in the 2 weeks group under the dissecting microscope. In the recovered ovarian tissues, some of the growing tertiary follicles with large and clear antral cavities had oocytes, which remained at the GV stage (Table  2) . However, no expansion was seen of cumulus cells surrounding the oocytes after 44 h IVM culture. When control COCs prepared from fresh follicles without xenotransplantation were cultured for 44 h, expansion of the cumulus cells was observed. In the 8 weeks group, the mouse kidneys had developed fibrous tissue wrapped around the porcine ovarian tissues and expanded renal tubules, and a few of the large tertiary follicles had been invaded by a number of erythrocytes and macrophages. In some large tertiary follicles, spontaneous luteinization of the granulosa cells was observed.
Localization of actin filaments in recovered oocytes
Recovered COCs were cultured for 0, 24, or 44 h 
f o r I V M a n d t h e n f i x e d f o r h is t o c h e m i c a l examination.
Changes in the distribution of cytoskeletal actin fibers in the COCs during maturation culture were examined histochemically. Before IVM culture of control COCs prepared from fresh porcine follicles, a high density of actin filaments filled the cumulus cell processes with the filaments extending to the zona pellucida (ZP) area ( Fig. 1A and B) . After 44 h IVM culture, cytoskeletal actin fibers in the oocytes were histochemically characterized by intense staining of filamentous networks in the cortical area and a filament-rich domain in the central area of the ooplasm (Fig. 1C) . In the 2 weeks group, cortical cytoplasmic actin filaments in recovered oocytes were observed before IVM culture, and the processes of cumulus cells were filled with actin filaments, which elongated through the ZP area ( Fig. 1D and E, and Fig. 2 A and B) . After 44 h IVM culture, M II stage oocytes (18% of recovered oocytes) were observed (Fig. 1F) . In the 8 weeks group, however, decreased levels of cortical cytoplasmic actin filaments were observed in recovered oocytes (Fig. 1G, H, and I) . No M II stage oocytes were obtained by IVM culture for the 8 weeks group.
Discussion
The mammalian oocyte and its surrounding cumulus cells are metabolically coupled through gap junctions that provide a unique means of entry into the ooplasm for several metabolites [23, 24] , and the cumulus cells maintain a close connection with oocytes during the oocyte maturation [6] . Gonadtropins, steroid hormones, and other bioreactive factors from the follicular cells, especially cumulus cells, interact with oocytes to provide essential support for their maturation [7] . Cumulus cells support maturation from the GV to M II stage and enhance cytoplasmic maturation, which is essential for normal fertilization and subsequent embryonic development. As in our p r e v i o u s s t u d y [ 2 0 ] , o o c y t e g r o w t h a n d development in grafted ovarian tissues were noted 2 weeks after xenoplantation, but no expansion of cumulus cells surrounding the oocytes was seen after 44 h IVM culture. When control COCs prepared from fresh follicles were cultured for 44 h, expansion of the cumulus cells was observed. µm to more than 120 µm within 3 and 6 months in sows and cows, respectively [1, 25] . No suitable culture system to support the entire growth and development of oocytes for domestic animals has been established. Some research groups have used athymic nude mice, which lack T-lymphocyte/cell-mediated immunity, for xenotransplantation of ovarian tissue or small follicles, but we consider that SCID mice, which lack both humoral and cell-mediated immunity due to the absence of mature T-and Blymphocytes [26] , to be more suitable for xenotransplantation [20] . Many researchers have used SCID mice as a host for xenotransplantation of mammalian follicles to investigate the early stage of follicular growth and development and to verify the rescue of oocytes from ovarian tissue pieces after cryopreservation [27] [28] [29] [30] [31] . When cortical slices of cat and sheep ovaries were xenotransplantated under the capsules of SCID mouse kidneys, small numbers of follicles reached the tertiary stage, more than 3.0 mm in diameter, after a few months [32] . In human ovaries xenotransplamted to SCID mice, which received FSH treatment, some follicles grew to the tertiary stage after 17 weeks. However, there are no reports of success in regard to suitable maturation of oocytes, fertilization, or parturiency from oocytes prepared from xenotransplantated tissues. In the present study, we developed a suitable xenotransplantation and IVM culture system for porcine oocyte maturation. Before grafting, the diameter of preantral follicles was less than 0.3 mm. Two weeks after xenotransplantation, many large tertiary follicles, from 0.5 to 2.0 mm in diameter, were obtained (41%; 61 follicles/150 pieces of grafted tissue), indicating that preantral follicles developed into large tertiary follicles, from which oocytes were easily recovered. The recovered oocytes matured from the GV to M II stage in the IVM culture.
Porcine antral follicles produce substantial amounts of vascular endothelial growth factor (VEGF) during their rapid growth and are highly responsive to gonadotrophin [33] . Moreover, FSH treatment induced the production and secretion of VEGF from granulosa cells, and the secreted VEGF accumulated in the follicular fluid (more than 20 ng/ml). Stored VEGF diffused outside of the follicles and induced vascularization, and capillary vessels elongated from the mouse kidney to the thecal layer area of the porcine follicles [20] . Capillary vessels with a network architecture wrap around the follicles and supply such things as nutrients and gases, allowing follicles in xenotransplanted ovarian tissues to grow. As a result, follicular maturation and oocyte growth and maturation occurs in grafted ovarian tissues. N e o g e n e t i c c a p il l a r y v e s s e l s , w hi c h w e r e remarkably elongated and expanded into grafted tissues, were observed 1 week after xenotransplantation, and growing folicles with large antral cavities produced angiogenetic factors that caused more capillary vessels to develop.
In conclusion, the present study confirmed that xenotransplantation and subsequent IVM is a useful and suitable system for obtaining tertiary follicles with a large antral cavity from primordial, primary, or secondary follicles in grafted ovarian tissues from farm animals. After 2 week, but not 8 week, grafting in SCID mouse kidneys, tertiary follicles containing large GV oocytes were obtained, and subsequent IVM culture resulted in M II oocytes, suggesting that 2 week in vivo xenografting is more suitable for growth and development of oocytes. Moreover, the combined xenotransplantation and IVM culture system is a good experimental model with which to research the regulatory mechanisms of neovascularization in follicles. To obtain implanted embryos and parturient piglets, technical improvements are needed in xenotransplantation of cryopreserved tissue pieces from porcine ovaries and in the conditions for IVM of recovered COCs.
